Solid-state reactive sintering a stoichiometric mixture of commercial γ-Al2O3, Y2O3, Nd2O3 and Cr2O3 powders was conducted at 1800°C with tetraethoxysilane (TEOS) as sintering aid and CaO as charge compensator. The cubic garnet structure of YAG (Y3Al5O12) as well as orthorhombic structure of YAP (YAlO3) formed in the sample due to mass loss of γ-Al2O3 during sintering. The sample obtained was fully dense but not transparent and the width of grain boundary phase was about 300 nm contained a significant amount of Si and Nd, compared with the inner grains. The doping concentration of Nd and Si in YAlO3 phase is much larger than that in Y3Al5O12 phase. However, when a little more γ-Al2O3 than stoichiometric composite was added, transparent Cr,Nd:YAG ceramic could be obtained. The optical transmittance of the sample sintered at 1800°C for 10h is 68.5% at 1064nm and the average grain size is about 10 μm.
Introduction
Since Ikesue et al. first demonstrated the possibility of fabricating transparent Nd:YAG ceramics of sufficient quality for solid-state lasers, polycrystalline Nd:YAG laser materials have attracted much attention because the optical quality has been improved greatly and highly efficient laser oscillations could be obtained whose efficiencies are comparable or superior to those of Nd:YAG single crystals.
1)-8) Compared with single crystal laser materials, polycrystalline ceramics have several prominent advantages: (1) easy fabrication; (2) scalability in size; (3) high doping concentration; (4) better homogeneity of the doping ions; (5) ease of achieving composite structure. Development of a ceramic composites laser with a complicated structure has been reported. 9) Ceramic technology also makes it easier to incorporate several dopant ions into the YAG material compared with single crystal grown from a melt. A Cr 3+ ,Nd 3+ :YAG transparent ceramic was fabricated by a solid-state reaction method, and the optical properties of this ceramic were investigated by Ikesue et al. 10) Most recently, Yagi et al. 11 ) fabricated a 0.1at%Cr 3+ , 1.0at%Nd 3+ :YAG transparent ceramic by vacuum sintering, and the laser performance of the ceramic was reported.
As to ceramic laser materials, optical quality is a key point to obtain high efficiency laser output. The optical quality of ceramic materials is strongly influenced by the light scattering resulting from structural inhomogeneities (eg., pores and secondary phase). To increase the transmittance of a sintered polycrystalline ceramic body, it is most important to reduce the scattering centers. In our previous work, transparent Cr 4+ ,Nd 3+ :YAG ceramics, which combines the gain media and the saturable absorber as one, were successfully fabricated by solid-state reaction and vacuum sintering with commercial Y2O3, α-Al2O3, Cr2O3 and Nd2O3 as raw materials.
12) The microstructure, the optical and the spectral properties were studied in our previous work. 13 ), 14) In this paper, the general process is similar to that reported before, 12),15),16) but one of the raw materials used in this study was γ -Al2O3 not α-Al2O3. Transition phase γ -Al2O3 was used because of its intrinsically nanocrystalline nature and relatively simple synthetic method. The influence of raw material on the microstructure and the optical properties were investigated.
Experimental
High-purity powders of γ -Al2O3 (Shanghai Wusong Chemical . The starting powders were weighed to result in a chemical composition of 0.5at%Cr,1.0at%Nd:YAG (or 0.1at%Cr,1.0at%Nd: YAG) and mixed by ball-milling with corundum balls in anhydrous alcohol for 10 h, with an addition of 0.5 mass% tetraethyl orthosilicate (TEOS, Shanghai Lingfeng Chemical Reagent Co., Ltd., spectral purity) as sintering aid. The mixtures were dried at 90°C, sieved through 200-mesh screen, dry-pressed under 100 MPa into Φ50 mm disks and finally coldisostatically pressed under 250 MPa. The compacted disks were sintered at different time under vacuum.
Micrographs of the starting powders were observed by FESEM (Model JSM-6700, JEOL, Japan). Phase compositions of the obtained samples were identified by X-ray diffraction (Model D/max2200PC, Rigaku, Japan). TG-DTA analysis of γ -Al2O3 powder was recorded on a Netzsch STA 449C instrument. Mirror-polished samples (2.5 mm thick) on both surfaces were used to measure optical transmittance (Model U-2800 Spectrophotometer, Hitachi, Japan). Microstructures of the fractured and the mirror-polished surfaces were observed by EPMA (Model JXA-8100, JEOL, Japan).
Results and discussion

Figure 1 shows FESEM micrographs of γ -Al2O3 and Y2O3
powders used as starting materials. It could be seen that the pri- † Corresponding author: Jiang Li; E-mail: lijiang@mail.sic.ac.cn mary crystallites of γ -Al2O3 were fine, but they were formed into large secondary particles of ~10 μm. The Y2O3 powders were relatively wide distribution from submicron to micron in scale and the mean particle size was about 5 μm. The sample sintered at 1800°C for 10h was not transparent. XRD pattern of the sample is shown in Fig. 2 . All the diffraction peaks could be well indexed as the cubic garnet structure of Y3Al5O12 (YAG, JCPDS 88-2048) and orthorhombic structure of YAlO3 (YAP, JCPDS 87-1290). It indicated that YAG and YAP phases formed in the compact during the vacuum sintering. Figure 3 shows the EPMA micrographs of the fractured surfaces of the sample sintered at 1800°C for 5, 10 and 30 h, respectively. All the samples were fully dense at 1800°C, and grain growth occurred with increase of holding time. The fracture mode of the prepared Cr,Nd:YAG ceramics was mainly transgranular in the large-grain-area and intergranular in the smallgrain-area. The proportion of transgranular fracture surface increased with increase of holding time because of the grain growth. It could be seen that secondary phase existed between the grain boundaries whose width was about 300 nm. Figure 4 shows the EDX spectra of the grain boundary and inner grain of the sample sintered at 1800°C for 10 h. Y, Al, Nd and Si were detected both in the grain boundary and in the grain, whereas a small quantity of Cr and Ca were also detected in the grain. The contents of Y, Al, Nd, Cr, Ca and Si determined by quantative EDX analysis were shown in Table 1 . The mole ratios of Y and Al in the Grain (1), Grain (2) and Grain (3) were close to 3:5, 3:5 and 1:1, respectively. It could be concluded that the three grains might be Y3Al5O12 (YAG), Y3Al5O12 (YAG) and YAlO3 (YAP), respectively. The mole ratios of Y and Al in the grain boundaries were between the values of 3:5 and 1:1, because the EDX analyzed area measured a few micrometers in diameter, which covered not only the grain boundary but also part of the two neighbor grains. The grain boundary phase contained a significant amount of Si and Nd, compared to the inner grain. The contents of Si and Nd in YAP phase were much higher than those in YAG phase. It could be considered that SiO2 decomposed from ethyl silicate wasn't fully doped into polycrystalline YAG and the doping concentrations of Si and Nd in YAP and YAG phases were different. Figure 5 shows EPMA micrograph and EDX spectra of the polished surface of the sample sintered at 1800°C for 10 h with line profiles for Y, Al, Nd, Cr, Ca and Si elements. Obvious secondary phase with different contrast grade were detected in the EPMA micrograph. Y, Al and Nd contents changed distinctly across the secondary phase. It can be seen that the Y content in the secondary phase was higher than that in the matrix. Quantitative EDX analyses of the two phases in the sample are seen in Fig. 6 and Table 2 . The secondary phase with light colored contrast yielded an average composition of 19.77 at% Y, 17.97at% Al and 60.23 at% O, which was not far from the stoichiometric composition of YAlO3. The matrix phase with deep colored contrast yielded an average composition of 15.79 at% Y, 23.02at% Al and 60.11 at% O, which was close to the stoichiometric composition of Y3Al5O12. The result is consistent with those of XRD and EDX of the fractured surface.
The possible formation mechanism of YAP is the non-stoichiometric reaction of Al2O3 and Y2O3 caused by the mass loss of alumina powders during sintering. Figure 7 shows TG-DTA curves of the commercial γ -Al2O3 powders heated at the rate of 10°C/min. It can be seen that main mass loss occurred below 250°C, which was caused by water volatilization. Because γ -Al2O3 powders are of very fine particle size and vapor is easy to be absorbed when exposed in air. The mass loss of alumina induced the YAP phase formation according to the reaction reported by Kinsman et al. As mentioned before, the doping concentrations of Nd and Si in YAlO3 phase were much larger than that in Y3Al5O12 phase, because the obtained YAP phase belongs to orthorhombic structural family and YAG is of cubic garnet structure. Different crystal structure leads to the difference in Nd and Si doping concentration. However, the doping concentrations of Cr and Ca in both YAP and YAG phase is very similar, as shown in Table 2 .
Regarding the mass loss of γ -Al2O3 during sintering, a little more γ -Al2O3 powders were added to have a stoichiometric solid-state reaction. Figure 8 shows XRD patterns of the 0.1at%Cr, 1.0at%Nd:YAG ceramics sintered from 1000°C to 1800°C. It can be seen that YAP and YAM formed after sintering at 1000°C. However, some Y2O3 is still remained and no other phase is detected. A small amount of YAG phase has been observed after sintering at 1100°C. With the increase of sintering temperature up to 1200°C, the crystallinity of YAG improved and the phase of Y2O3 disappeared. At 1400°C, only weak characteristic peaks of YAP and YAM can be observed, indicating more YAG phase has formed. With further increasing the sintering temperature, YAP and YAM disappeared. Only YAG with a rather strong intensity existed at 1800°C. Figure 9 shows EPMA micrographs of the fractured surfaces of the samples sintered from 1200°C to 1800°C for 10 h. It can be seen that grain size increases with increase of sintering temperature. A dense and nearly pore-free microstructure was observed at 1800°C and the fracture mode of the sample is 
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mainly intergranular. Figure 10 shows the appearance of mirror-polished 0.1at%Cr, 1.0at%Nd:YAG transparent ceramics. It can be seen that the sample is transparent. The optical transmittance of the sample is 68.5% at 1064nm, as shown in Fig. 11 . In our previous work, 14) transmittance of the Cr, Nd:YAG transparent ceramic with α-Al2O3 as one of the raw materials sintered at 1800°C for 10 h was Fig. 4 . EDX spectra analysis of the fractured surface in the sample sintered at 1800°C for 10 h. 67.6%. However, we can't explain why the two curves of optical transmittance are so different.
Conclusions
The sample fabricated by solid-state reactive sintering commercially available γ -Al2O3, Y2O3, Nd2O3 and Cr2O3 powders was not transparent owing to the existence of optical anisotropic YAP secondary phase and wide grain boundary. YAP formed due 
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to the mass loss of γ -Al2O3 during sintering. It can be concluded that the optical transmittance is greatly influenced by the secondary phase. When a little more γ -Al2O3 than stoichiometric composite was added, transparent 0.1at%Cr,1.0at%Nd:YAG transparent ceramic with average grain size of about 10 μm was obtained. The optical transmittance of the sample sintered at 1800°C for 10h is 68.5% at 1064 nm. Fig. 10 . Appearance of the mirror-polished 0.1at%Cr,1.0at%Nd:YAG transparent ceramics sintered at 1800°C for 10 h. 
